Based on the "General Theory of ThreeDimensional Flow in Turbomachines", an improved method for designing centrifugal impeller blades has been developed. The design procedure is performed with the help of the combination of an SZ inverse problem code, a code for generating a profile on a revolution surface by a two-step series expansion and the codes of S, direct and inverse problems. After the calculation of the inverse problem on the S2 stream surface is completed, a special series expansion method is used for obtaining a preliminary blade profile, then the relative flow field is predicted by the Si direct code and is improved by the Si inverse code. The method is favourable for smoothing the velocity distribution on the blade surface, eliminating the separation bubble and raising the efficiency of the impeller. The present method has been successfuly applied to improving the design of a centrifugal impeller.
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INTRODUCTION
The efficiency of a centrifugal compressor is dependent on the impeller efficiency to a considerable degree, and the flow pattern within the impeller passage, with which the impeller efficiency is closely related, is significantly influenced by the geometry of the meridional flow passage and the blade profile (Mizuki, et al.,1974; hrain,1984) . In order to obtain a reasonable meridional channel geometry, a method for controlling the velocity distributions on the shroud and the hub by modifying the basic metric coefficients of different mesh near the wall has been presented by Zhu et al. (1988) . On the other hand, the influence of the wrap angle of the impeller blade on the relative flow field has been studied by Krain )1985) .
Based on the general theory of threedimensional flow in turbomachiries (Wu,1952) , it is easily understood that the influence of the different geometry features of the impeller on the flow field is correlative. Therefore, the improvement of blade profiles on the S, stream surface is equally as important as that of meridional channel geometry. With the development of manufacturing technology, the designers can get rid of the limitation of straight-line elements in the design of centrifugal impeller blades, and it is possible to adopt a more advanced aerodynamic design method.
Up to now, most centrifugal blades have been designed with geometric methods (e.g., Casey, 1982; Huang, 1987) . The geometric methods are simpler and faster. And the requirement for simplifying manufacture technology can easily be considered in design. But it is difficult to guarantee excellent aerodynamic performance of the blades. The mean stream surface method (MSSM) (Zhao et al.,1989 ) is an approximate 3-D aerodynamic design method. For this method, some given geometric conditions (e.g., circumferential or normal thickness distribution of the blade) are satisfied by progressively correcting the aerodynamic parameters on the mean stream surface and the thickness of the stream filament during the iteration calculation process. For both the mean stream surface method and the mean stream line method (MSLM), if the geometric condition is to be strictly satisfied, it will be difficult to control the pressure distribution on the blade surface, which is the major factor influencing the impeller efficiency. The experience from design practice for axial-flow turbomachines indicates that the aerodynamic inverse or hybrid problem is the most effective method to control the pressure ( or velocity distribution on blade surfaces.
Taking account of the characteristic of centrifugal turbomachines, a code with a twostep series expansion algorithm (Wang,1986) which is based on MSLM (Wu,1950; Cai,1984) and the codes for solving direct and inverse problems on Si have been improved. Based on successful design experience for axial-flow blades and combining the above codes together, a new method for designing centrifugal impeller blade is presented in this paper and a trial design example by this new method is given.
DESCRIPTION OF THE AERODYNAMIC DESIGN PROCESS
After the meridional channel geometry and aerodynamic design parameters of the centrifugal impeller have been determined, the first step in the quasi-three-dimensional design process of the blade is the computation on the mean S2 stream surface. The Description of the optimization process for the meridional channel and the calculation of the Sp inverse problem can be found in reference (Zhu,et al.,1988) , and will not be repeated here.
All the necessary geometric and aerodynamic data in the computation for the S, stream surfaces ( e.g. the flow parameters upstream and downstream of the cascade, the geometry of the Si stream surfaces and the distribution of stream filament thickness, etc.) are provided by the mean ha calculation. On the Si stream surface of revolution, instead of the geometric method, the two-step series expansion method is used to generate the preliminary blade profile.
According to the concept of MSLM, if the shape of a selected stream line and the variation of aerodynamic parameters along the stream line are known, it is possible to derive expressions for the partial derivatives of any aerodynamic parameters with respect to the coordinate p in any order, based on continuty, momentum and energy equations. The first and second derivatives are listed below (Wang,1986) :
aW dW aW The two-step series expansion algorithm is schematically shown in Fig.1 . In the first step, two streamlines Lti and Lt2 are separately obtained with half of the total mass flow in between by the Taylor expansion from the mean streamline Lm. In the second step, the channel boundaries L5 and Lp are obtained with total mass flow in between by the Taylor expansion from the streamlines Lti and Ltz respectively. In general, the distribution of the blade thickness obtained in one round of calculation is unreasonable, and even a local negative thickness may be obtained. Thus, the aerodynamic parameters on the mean streamline need to be modified. Then a new round of expansion is performed. Repeating these steps forms a iteration process to finally meet the requirement for the pre-defined blade thickness distribution. The formula for the adjustment of density flux pert on the mean streamline is:
where t is the cascade spacing, St is the given circumferential thickness of the blade. If the normal thickness b"is given, St can be obtained by following formula:
where A is the angle between the local tangent of blade camber line and meridional direction 1. An iteration calculation is needed to obtain new density values on the mean streamline from the corrected density flux pWt :^*
The blade profile obtained on a couple of revolution S, surfaces by the method of series expansion, in some sense, can be considered as good in aerodynamic performance. However, there still exists room for performance improvement. For example, there exists unfavorable pressure distribution or great local pressure gradients on the blade surface, which would lead to flow separation. Therefore, in the present work, taking the blade profile formed by the series expansion as an initial reference, we will use an optimization procedure upon this reference profile by aid of Si direct/inverse codes. The flow field calculation by use of Si direct code is usually performed first to get a fairly reasonable reference velocity (or pressure) distribution on the blade surface, which will be used as the basis for inverse calculation. In principle, the general theory of 3D flow in turbomachinary, the basic equations with respect to non-orthogonal coordinates and non-orthogonal velocity components, and its basic solution method are suitable to axial, mixed and radial flow turbomachines. The difference of calculation methods between axial and radial flow turbomachines lies in some details of the procedures.
For the case of centrifugal revolution cascade flow with uniform I,S at the entrance, and with the non-orthogonal coordinates developed on the revolution surface itself, the following expressions are used as the basis for direct and inverse problems (Wang, 1984; Wang, 1985) :
The generation of the grid mesh on the physical plane is basically similar with that in axial flow case (see Fig.2 ). The boundary lines of the computation domain in the regions of pre-and post-cascade can be obtained by Fig.2 Non-orthogonal curvilinear coordinates on Si surface of revolution extention of the straight lines on the revolution surface, which originate from the leading (or trailing) edge and have an flow angle P, (or FZ) with respect to the meridional direction. X2 is generally taken in circumferential direction and is uniformely divided in that direction.
Some points should be mentioned for radial cascades. The first point is the calculation of the metric coefficients. Instead of the form which is used before, 
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The former is only suitable for a cylindrical cascade. For a revolutionary cascade which is deviates from a cylinder, these expressions for the metric coefficients will cause errors, and it is obviously not suitable for centrifugal revolutionary cascade. Instead of adopting the approach of coordinate transformation, it will be more reliable to get the metric coefficients through the calculation of the arc length, that is
The second point is the treatment of the boundary condition. For most axial flow revolutionary cascades, the entrance and exit region are usually extended from the leading edge (or the trailing edge) to far upstream (or far downstream), where the revolutionary surface becomes a cylindrical surface and the flow is considered as uniform, the flow parameters are uniformly distributed not only in direction X 2 , but also in direction X' . This latter condition is usually added by program designers so as to avoid the need to take one-side difference on the boundary points. For centrifugal revolutionary cascades, the pre-cascade region is similar with that for axial flow cascades. However, the post-cascade region is the radial extension (instead of axial extension) of the cascade channel. In this case, the "uniform" condition on the exit boundary obviously does not hold, and insisting, on utilizing this condition could cause unreasonable results. The detailed solution process in Si direct problems is an iteration process including solving the stream function 9 , then calculating velocities W' ,W 2 ,W, then the density p . These steps form one round of iteration. The whole iteration process can be expressed as iw -W', W W -P ... • • • . This algorithm is not only suitable for the calculation of subsonic flow field, but also suitable for transonic flow field (Wang,1984) . In the latter case an artifitial compressibility technique should be adopted.
With the direct code at hand and the experience of inverse solution for axial revolutionary cascade, there will be no new difficulties for the inverse solution for centrifugal revolutionary cascades. The inverse problem by its strict definition, usually refers to a problem of finding a blade profile based on given velocity distribution (or pressure distribution) on the blade surface. At present, many approaches for inverse solution have been developed. In this paper the method developed by Wang (1985) and used in a practical design (Wang,et al.,1989) will be adopted. The main ideas of the method is as follows: First, transforming the defined velocity condition (or pressure condition) on the blade surfaces in the inverse problem into a boundary condition expressed with the stream function i, by the aid of continuity.
Then solving a direct problem with the first kind of boundary condition, in which the values of it on the pseudo-blade surface are given by (29),(30) and they are unequal along the surface (Here "psudo-blade surface" means that when embodied with conditions (29),(30), the surface is considered as the boundary of the computation domain in the mathematical sense, no longer a streamline or a real blade surface). After the flow field calculation, the isobars of 1r with equal value can be found by interpolation and a new pseudo-blade profiles are formed by two isobars of * with the difference n*Jr equal to the given mass flow. Repeating to use (29),(30) to find the l distribution on this new pseudo-blade surface, the next round of iteration begins. The iteration process will continue until two Non-orthogonal curvilinear coordinates on meridional plane employed in S2 calculation successive presdo-blade surfaces coinside, and the flow parameters converge. The detailed procedures for solving the problem can be found in reference (Wang,1985) . In this paper, the blade profile resulted from the series expansion is taken as the preliminary profile.
Correcting the velocity distribution on the blade surface obtained in Si direct problem solution (according to certain requirements) forms the velocity condition for the inverse problem.
EXAMPLE AND ANALYSES
An impeller, which has all the ready-made design data, is taken as an example for the simulation design to test the viability of the algorithm given in this paper. Here let us summarize the whole calculation process. It consists of three steps: (1) Computation on the mean S2 stream surface, which is based on the given flow channel geometry and the flow parameters at the inlet and the outlet. The meridional projection of the S2 stream surface velocity distribution on the blade surface before and after modifying. In this trial design, a greater change of velocity distribution is chosen as the input of the inverse problem so as to get a more profound change of the blade profile. From Fig.5 , a wave-like velocity distribution on the blade surfaces is found and great unfavorable pressure gradient on the blade suction surface on section VI (near shroud) are noticed. It can be attributed to the non-smooth blade profile before refinement. After refinement, the trend of wave-like S pattern of the blade profile is reduced, a smoother velocity distribution and a reduced local pressure gradient is obtained which is favorable for eliminating the potential flow separation.
Here one point should be mentioned that the present calculation is used for testing the availability of this inverse problem approach as design means, not for practical design, therefore, the change of blade profile and thickness distribution is exaggerated taken so as to show clearly its aerodynamic effect. In practical design the change of the blade profile should be adjusted according to the requirements for the manufacturing methods. Variations of the angular momentum Ver along the mean streamline before and after modifying by inverse code In Fig.6 is shown the change of the flow angle along the mean streamline before and after modifying. Because the shape of mean stream line is not changed by two-step series expansion, non-smooth flow angles before modifying only depend on S2 calculation. However, the change is smoother after modifying. The distribution of the parameter ye r along the mean streamline is shown in Fig.7 . From above it can be seen that the effect of the profile refinement by the inverse problem approach on the distribution of the aerodynamic parameters on the mean streamline is also obvious.
CONCLUDING REMARKS
Based on the successful experience in aerodynamic design of axial flow turbomachine blade, a design approach of combining the twostep series expansion and the S, direct / inverse calculation has been developed. This approach is tested for the design of a centrifugal compressor blade. The preliminary practice demonstrates the viability of this approach. On the other hand, from strict concept of the quasi-three-dimensional design, the whole design process should be iteratively performed between Si and S2 calculation. And viscous effect should be taken into account in the direct and inverse calculation (Wang, 1990) . therefore, for the completeness of this design methodology, further work is needed.
